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Abstract A

~~~~~ Device configurations of optical channel waveguide arrays

coupled to integrated charge-coupled devices (CCDs) will be pre-

sented . Opti cal and electrical performance of these devices will

be discussed . A channel waveguide array formed in a fan-out pattern

is then introduced as a means of enhancing optical waveguide focal

plane resolution in integrated optica l devices utilizing optical

waveguide lenses. High spatial resolution can thus be obtained

wi thout making detector spacings too small , thus avoiding detector

problems wi th regard to fabrication , cross talk , linearity and —~~~ — -
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wi thout making detector spacings too small , thus avoiding detector

problems wi th regard to fabrication , cross tal k, linearity and
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~1
charge transfer efficiency . To fabricate the fan-out channe l wave-

guide array, a new differential heating and photoresist lift-off

process is discussed which allows high resolution patterns to be

reproducibly formed in polyurethane . Propagation of light from a

HeNe laser in these fan—out channel waveguide arrays has been

demonstrated wi th only a small amount of scattering. Low scatter-

ing is consistent wi th the smooth channel waveguide surfaces

apparent in scanning electron microscope pictures presented.

Applications of optical channel waveguide arrays coupled to inte-

grated CCDs to fiber multiplex i ng and transversal filtering will

also be discussed .~~~~~

- ~~~~~~~~~
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Introduc tion

Integrated optical device confi gurations utilizing a silicon

substrate have previously been discussed .~~ The moti vation for

i nvestigating devices utilizing silicon is first, due to its

potential use for such signal processing devices as the integrated

optical spectrum analyzer ,~
2) second , its usefulness for performing

waveguide detection in such signal processing devices formed on

LiNbO3, and third , to allow combination of integra ted optical

devices and integrated electronic circuits to form higher data rate

systems. In the present paper we consider the integration of

optical channel waveguide arrays integrated with charge-coupled

devices (CCDs) and discuss some of the applications . Channel wave-

guides provide confinement of the propagating field in all trans-

verse directions. When an array of channel waveguides is integra ted

with a CCD, each channel waveguide terminates onto a linear CCO

imager array element. The CCD then multiplexes the i nformation

contained in the parallel optical channels , providing a serial

electrical output.

As noted earlier one of our motivations for continuing to

investigate integrated optical devices utilizing silicon substrates

is to eventually allow the combinati on of integrated optical devices

and integrated electronic circuits to form higher data rate systems.

The basic integrated optical device in such systems is expected to

be the channel waveguide . Fibers can readi ly be coupled to such
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channel waveguides using techniques demonstrated previousiy.(7a8)

The coupl ing of arrays of fibers to arrays of channel waveguides

should allow the transmission of i nformation to silicon integrated

circuits at much higher data rates than is possible with electrical

connections .

Signa l processing devices such as the integrated opti cal spec-

trum analyzer are motivating the development of integrated optical

waveguide lenses)2_5) The constraints of limi ted substrate area

and high frequency resolution lead to the use of small f-number

waveguide lenses . To fully resolve focal plane light distributions

for such lenses , detecto r arrays having center—to-center spacings

of a few microns are required . As system requirements point toward

several hundred resolvable spots, use of a CCD linear imaging array

is advantageous. Forming a CCD linear image array having a period

of several microns is difficul t but possible. However, as inte-

grated optical devices such as the spectrum analyzer are expected

to use a semiconductor laser having A = .82iim , the absorption

l ength in silicon is about l5~Jm)
6) The fabrication of a CCD linear

imaging array having a period significantly less than the absorption

length , but in which channel isolation is to be maintained , adds

considerable difficulty to the design and fabri cation tasks. For

these reasons we are presenting an alternate approach utilizing a

channel waveguide fan-out array coupled to an integrated CCD. This

device provides the desired fine spatial resolution , while allowing
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use of a CCD having a much larger period . The larger period sim-

plifies CCD fabrication and provides improved channel isolation .

In what follows we shall introduce the device confi gurations

of the channel waveguide arrays integrated wi th CCDs. Results

concerning their optical and electrical performance will be discussed .

Applications of the fan-out configuration to higher resolution

imaging and fiber multipl exing and the straight channel device to

transversal fi l tering will then be considered .

Device Configurations and Applications

The basic structure of a channel waveguide array coupled to an

integrated CCD is shown in Fig. i-a i~~ Another version with channel -

waveguides curved in a fan-out pattern for high resolution imaging

is shown in Fig. 1-b . The channel waveguides in this structure are

formed by first utilizing anisotropic etching of the (100) silicon

surfa ce, then thermally oxidizing the surface to form a layer of

S102S and finally filling the V-grooves with a suitable liquid

which serves as the waveguiding medium .~
W5 I l )  Although this device

utilizes ani ’~ tropic etching to form channel waveguides , an example

of channel waveguide formation utilizing the photoresist lift-off

process will be presented later. In Fig. 1 each channel waveguide

termi nates at a detector element where the Sb 2 region gradually

disappears in order to effect coupling of light from the waveguide

to the detector element.~~
2) As light enters each detector element,

carriers are excited and collected under each respective isolated
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section beneath the integration gate s hown in Fig. 1. At the end

of an integration time , the transfer gate is turned on so that the

accumulated charge is transferred in parallel into the CCD. The

potentials of the various electrodes of the CCD are adjusted so

that channel isolation is maintaine d duri ng this parallel transfer.

Once the transfer is accomplished the transfer gate is turned off

and the charge packets are transferred along the CCD to the output

where a multiplexed signal emerges. The procedure is then repeated.

The device shown in Fig. 1 has been fabricated wi th the result

shown in Fig. 2. The CCD is a 4-phase device utilizing two levels

of overlapping polycrystalline silicon elec trodes and incorporates

an MOS output reset amplifier. Charge transfer efficiency or inef-

ficiency can be measured by serially injecting electrically a train

of equal-amplitude pulses and noting degradation at the output.~~~
Results of such measurements on the device in Fig. 2 is shown in

Fig. 3. Defining charge transfer inefficiency as the fraction of

char ge los t per transfer , the results in Fig. 3 correspond to a

transfer inefficiency of 1.0 x 10~~. Details of array isclation

and uniformi ty have been presented elsewhere.~~
The optica l Fourier transform system(2) for performing spectrum

analysis of signals having bandwidths of the order of severa l hun-

dred ~i-Iz is a prime example of both the developmental needs and the

processing power of integrated optical signal processing systems.

For such systems , as noted earlier , the constraints of limi ted sub—
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section beneath the integration gate shown in Fig. 1. At the end

of an integration time, the transfer gate is turned on so that the

accumulated charge is transferred in parallel into the CCD. The

potentials of the various electrodes of the CCD are adjusted so

that channel isolation is maintained duri ng this parallel transfer.

Once the transfer is accomplished the transfer gate is turned off

and the charge packets are transferred along the CCD to the output

where a multiplexed signal emerges. The procedure is then repeated.

The device shown in Fig. 1 has been fabricated with the result

shown in Fig. 2. The CCD is a 4-phase device utilizing two l evels

of overlapping polycrystalline silicon electrodes and i ncorporates

an MOS output reset amplifier. Charge transfer efficiency or i nef-

ficiency can be measured by serially injecting electrically a train

of equal-amplitude pulses and noting degradation at the output .~’~~
Results of such measurements on the device in Fig. 2 is shown in

Fig. 3. Defining charge transfer inefficiency as the fraction of

cha rge lost per transfer , the results in Fig. 3 correspond to a

transfer inefficiency of 1.0 x 1O~~. Details of array isolation

and uniformi ty have been presented elsewhere)9~
The optical Fourier transform system(2) for performing spectrum

analysis of signals having bandwidths of the order of several hun-

dred MHz is a prime example of both the developmental needs and the

processing power of integrated optical signa l processing systems.

For such systems, as no ted earl ier , the constraints of limited sub-
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strate area and high frequency resolution lead to the use of small

f—number , short focal length waveguide lenses and detector arrays

in the lens focal plane with center-to—center spacings of a few

microns. We now consider a channel waveguide array configured in

a fan-out pattern to collect light at the required resolution at

the lens focal plane . The fan—out channel waveguide center-to-

center spacing increases between the optica l input end and the de-

tector array end, thus detector array design and position are not

controlled by the optical resolution requirements . This greatly

simpl ifies detector array design and fabrication.

The actual fan-out array pattern , shown in Fig. 4, is computer

generated . Program data includes center-to-center spacing and

width of the channel waveguides at the input and output ends of the

array , and the length of the array . The computer then generates

the pattern on a flat bed plotter. The width of each channel in-

creases linearly between the input and output ends. As each

channel follows a sinusoidal path between input and the output , the

spacing between guides gradually increases . The sinusoidal path

is a half cycle in length so that the slope is zero at each end .

This is to insure a straight waveguide for best sampling at the

inpu t , and alignment ease at the output. The curved channel wave-

guides shown in Fig. 4 have been designed so that the curvature is

small enough to avoid scattering due to waveguide curvature .~~~

A channel waveguide array i ncorporating a fan-out pattern has
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been fabricated util izing pol yurethane to form the wayeguides.

Since the channel waveguides discussed earlier have been formed by

dripping polyurethane onto V-groove areas of integrated optical

electronic devices after packaging and wi re bonding, there was

little or no control over polyurethane spreading, uniformi ty or

thickness. Channel waveguides formed in this way were character-

i zed by the serious problem of light leakage from channel waveguides ,

since polyurethane also covered the area between V-grooves. A

differential heating -lift off process discussed herein elimi nates

all these difficulties , and makes the V-groove formation optiona l ,

instead of essential to the creation of channel waveguide arrays.

The process is thus applicabl e to substrate materials in which V—

grooves cannot be formed. Using a positive photoresist, Shipley

AZ135OJ in this case, whic h can be stripped from the sample in a

solvent , it has been possible to define metal patterns without acid

etching using the lift—off technique.~~~ Based on previous exper-

ti se of defining metal patterns in this way , polyurethane pattern

definition by lift—off seemed possible. The final differential-

heating and lift-off process exploits the curing properties , as

well as the lift-off process, to yield 5 micron resolution of re-

peatabl e patterns in polyurethane. Better resolution may be possi-

ble, but mask—making and photoresist processing limi tations of our

laboratory prevented us from trying smaller geometries. Details

of this process will be published elsewhere.~~~
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Fi g. 5a and 5b show scanning electron microscope (SEM) pictures

of a typical device at the output end. Fig. 5a show several chan-

ne l s , whi ch are uniform in size , surface and edge quality . Fig. 5b

shows the edge quality in more detail. Fig. 6a and b similarly show

the input end of the array. The spaces are very consistent and do

extend down to the wafer surface. Some slight cross linking of

channels does appear, but simultaneous exposure and development or

preemphasis techniques , or just smaller waveguide duty cycles on the

origina l mask would eliminate this. Optical microscope exami nation

of these devices does not show edge quality or film thickness very

well. The absence of color fringes confi rms the uniform thickness ,

and the surface of good devices appears smooth optically. SEM pic-

tures show a bit more edge and thickness detail , but due to the

uniform flatness of the device , even quality SEM pictures are ex-

tremely difficult to obtain. This is a favorabl e indication of

surface quality . Details concerning operation of these fan-out

channel waveguide arrays will be published elsewhere.~~~
Channel waveguide structures coupled to integrated CCDs also

present excellent potential for applicat ions such as multiplexing

or transversal filtering in which optical channels can replace

electrical channels and thereby eliminate capacitive coupling and

thus the inherent limi tation on data rates in electrical channels.

An example of a multiplexer configuration has been discussed in

prev ious pa pers ,~~t8) whil e a possible configuration of a trans—
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versal fi l ter utilizing a channel waveguide array is shown in

Fig. 7. The four MOS transistors are included to symbolize analog

multiplication for establishing tap weights in the transversal fi l-

ter. Weighting could be achieved in a number of ways ; for example ,

pulse duration modulation of the light in each channel waveguide

could readily provide prograninable weighting. 1
~
6) The operation

of the transversal fi l ter in Fig. 7 is similar to usual transversal

fi l ter operation ,~~~ but for the fact that channel weighting occurs

before variable channe l delay . However, the resulting transfer

function is not changed . The integrated optical channel waveguide

transversal fi l ter structure of Fi g. 7 is expected to be superior

to electrical structures because of the absence of capacitance

coupling and to bulk optical structures~~
8) because it allows for

greater channel isolation and density . This latter characteristic

provides for more accuracy of the desired fi l ter frequency response.

Summary

Device configurations of an array of optica l channel wave-

guides coupled to an integrated CCI) have been presented . For

applications involving a waveguide lens such as integrated optical

spectrum analysis , we have configured the channel waveguide array

into a fan—out pattern . This fan-out array provides high resolu—

tion in the lens focal plane , with the channel waveguides spreading

out in a fan-out pattern as they terminate on the elements of a

detector array . Use of such an array circumvents the need to use
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a CCD wi th small element center-to—center spacing , thus alleviating

problems wi th regard to line definit ion , CCD re gi stra tion , and detec-

tor array crosstalk. The fan—out array concept is also flexible in

that a standard detector array could be used for different resolu-

tion tasks simply by modifying the channel waveguide array input

center—to—center spacing . The fan-out patterns actually fabricated

utilized a new differential heating and photoresist liftoff process

which allows high resolution patterns to be reproducibly formed in

polyurethane. Application of integra ted channel wavegu ide array-

CCD configurations to transversal fi l tering and multiplex ing has

also been briefly discussed .
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LIST OF FIGURE CAPTIONS

Figure la Integrated channel waveguide array- CCD device configuration .

Figure lb Same as in (a) but wi th waveguide array fan-out pattern .

Figure 2 Photograph of device shown schematically in Fig. 1-a .

Figure 3 CCC output corresponding to serial i nput of a group of equal-

amp litude pulses .

Figure 4 Computer-generated fan-out pattern coupled to detector elem~,uts.

For clarity vertica l axis is 2x and only every fourth waveguide

is shown in lower half.

Figure Sa SEM picture of output end of severa l channel waveguides.

Figure Sb SEM picture of edge and surface of individual channel waveguide

output end .

Figure 6a SEM picture of input end of fan-out array.

Figure 6b SEM picture of individual space between waveguides and outer-

most waveguide.

Fi gure 7 Schematic diagram of an integrated optical waveguide—CCD

transversal fi l ter.
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Figure 2 Photograph of device shown schematically in Fig. 1—a .
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FIgure 3 CCD output corresponding to serial input of a
group of equal-amplitude pulses.



• 

. 

— 17-

~~ci’ ‘
~

1
~

1UUU
C
r

\\\\\\\\\\ \ \ \ \  1/ 1/
II II x

f / 0)/I I (0 (0I I S- UI I 0) ..—I / C 4-.)I / 0) 5—.I I 
~~~ ai ‘4—I I ‘ >I I 5— (0I I at >.,.cI I 4-.) 4~)~\~ \ \ U % ~ % % ~ I / .j_ S...~~~~~~~~~ !~ J / 
~~.s.. at\ \ \~~~~~ ~i ~ I / E ~I I / 0,— 0
C..) 1.) —/

/
/

\ \~ I I / at“ ~lj ~ / 5-.II II I I It~ I j 
~ ..-



-18-

• 

- 

_ _ _ _  _ _q 
.

S .-
.
.., 

_ _

_ ______ - S 
5-. 

-5 -

• 
. 

— 
,_ .____ _l~.k ~_5-

S -~~~~~~~~~

-~ ~~~~

J!~~~~~~ 
--

~~~~
- 

- ..~~~
— ——

~~~
-‘—-

-EU~~~~~~~~~ ~~~~~

Figure 5a SEN picture of output end of several channel waveguides .
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Figure 5b SEM picture of edge and surface of individual channel waveguide
output end.
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Figure 6a SEM picture of input end of fan—out array .
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Figure 6b SEM picture of individual space between waveguides
and outermost waveguide.
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